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Introduction
Myotonic dystrophy is an inherited multisystem disorder with significant effects upon skeletal and cardiac muscle, nervous tissue and other organ systems (Harper, 1989; Barnes, 1993) . The disorder is associated with an unstable expansion of a CTG triplet repeat polymorphism in an untranslated region of a gene on chromosome 19q (Brook et al., 1992) . The predicted gene product has strong sequence homology to the serine-threonine group of protein kinase molecules (Jansen et al., 1992) . It has been named myotonin protein kinase and there is evidence of decreased expression of the mRNA and reduced immunoreactivity using antibodies to a synthetic protein product in affected individuals (Fu et al., 1993) . The serine-threonine group of protein kinases, whose other members include cyclic-AMP activated protein kinase (protein kinase A), have been shown to be involved in a wide variety of regulatory cell functions including the regulation of glycogenolysis and gluconeogenesis, insulin receptor function © Oxford University Press 1997 superficialis, phosphocreatine was depleted more rapidly in patients than in control subjects but the muscle acidified less and ADP concentrations were higher. Calculated ATP turnover was significantly elevated. Analysis of the recovery kinetics for phosphocreatine following exercise provides evidence for a small but significant reduction in mitochondrial function. Analysis of the response of flexor digitorum superficialis to ischaemic exercise provides evidence of a reduction in the relative utilization of glycogen to produce ATP which may account, in part, for the reduced acidification seen in exercising muscle in myotonic dystrophy. There was no definite evidence of an alteration in proton handling capacity in this condition. and the modulation of membrane ion channels (Hardie, 1990) . Clinical effects upon skeletal muscle include wasting, weakness (which may be out of proportion to the degree of wasting) and myotonia (Barnes, 1993) . There is abnormal activity of the sarcolemma, with evidence of increased Na ϩ -channel activity and abnormal Na ϩ -channel inactivation (Francke et al., 1990) . The intracellular concentrations of Na ϩ , K ϩ and Cl -are altered (Edström and Wroblewski, 1989) and in cultured muscle cells both voltage-gated Ca 2ϩ influx and intracellular free Ca 2ϩ are increased (Jacobs et al., 1990) . In addition, insulin resistance is commonly found in individuals with myotonic dystrophy, although clinical diabetes mellitus is not common (Harper, 1989) .
The presence of the abnormal ionic environment in myotonic muscle could cause greater demands on the energy producing apparatus of the cell, since ionic gradients for excitable cell function and transport processes need to be maintained. Alternatively, the ionic abnormalities could be the consequence of primary defects within those same energy producing systems. Evidence for some impairment of oxidative metabolism comes from reports that ragged red fibres, the hallmark of mitochondrial disease, are present in a large proportion of muscle biopsies from patients with myotonic dystrophy (Ono et al., 1986; Sahashi et al., 1992) , that mitochondrial enzyme activities are reduced in homogenates of most muscle biopsies from patients with myotonic dystrophy (Nakagawa et al., 1989; Sahashi et al., 1992) , and that multiple deletions are detectable in mitochondrial DNA by PCR (polymerase chain reaction) analysis (although not by Southern blot analysis) in patients with myotonic dystrophy to a greater degree than in agematched control subjects (Sahashi et al., 1992) .
We have previously reported data from a small group of patients in whom the bioenergetics of the forearm finger flexor muscle flexor digitorum superficialis was studied by 31 P magnetic resonance spectroscopy. We found evidence of abnormalities of high energy phosphate metabolism in resting muscle and an abnormal pattern of acidification of skeletal muscle during finger flexion exercise, but no clear evidence of mitochondrial dysfunction . In the present report we enlarge upon these findings using a larger patient group, extend them to the study of bioenergetics in a relatively clinically unaffected muscle (calf) and under conditions of ischaemic exercise which allow us to study oxidative and nonoxidative metabolism separately, and use the data to study ATP turnover and proton efflux in more detail.
Methods and subjects

Phosphorus magnetic resonance spectroscopy Studies on flexor digitorum superficialis
Spectra were collected from forearm muscle as previously described (Arnold et al., 1985) . Briefly, the subject lay supine with the arm abducted to 90°and placed so that the flexor digitorum superficialis lay in the centre of a 1.9 Tesla 30-cm bore superconducting magnet (Oxford Magnet Technology, Eynsham, Oxford, UK) interfaced to a Fourier transform spectrometer (Oxford Research Systems, Oxford, UK). Radiofrequency pulses of 20-µs length (90°pulse ϭ 16 µs) were delivered at 2-s intervals using a 2.5-cm diameter surface coil which was also used for signal collection. A spectrum consisting of 128 accumulated free induction decays (2048 data points) was collected from resting muscle to provide a baseline for exercise and recovery. The timing of spectra during exercise and recovery was dependent upon the protocol and is described below.
Studies on calf muscle
Patients lay supine, positioned such that the right calf muscle lay at the centre of a 2.0 Tesla 90-cm bore superconducting magnet (Oxford Magnet Technology) which was interfaced to a Bruker Biospec Fourier transform spectrometer (Bruker, Coventry, UK). Radiofrequency pulses of 80-µs length (90°p ulse ϭ 80 µs) were delivered at 2-s intervals using a 6.5-cm surface coil placed underneath the calf muscle, and free induction decays collected with the same coil. Two resting spectra each consisting of the average of 64 free induction decays were collected from resting muscle. During exercise, spectra consisting of either 16 or 32 free induction decays were collected consecutively, and during recovery four spectra of eight free induction decays were collected, followed by four of 16 free induction decays, three of 32 and two of 64, in that order.
Determination of intracellular metabolite concentrations and intracellular pH
Concentration ratios for metabolites were calculated from the peak areas of phosphocreatine (PCr), inorganic phosphate (P i ), and β-ATP after correction for saturation (Arnold et al., 1985) . Peak areas were derived by the use of a time domain fitting program (VARPRO; R. de Beer, Utrecht, Netherlands) in the case of studies on calf muscle. For studies on flexor digitorum superficialis, VARPRO could not reliably be used because of the lower signal-to-noise ratio and the nonLorentzian nature of the P i peak during exercise, and these spectra were therefore quantified by the earlier-established method of manual triangulation (Taylor et al., 1983) . (Extensive comparison studies had earlier shown no significant difference between concentration ratios measured on the same spectra by the two methods, although this comparison could not be performed on spectra of low signalto-noise ratio). Concentrations of P i and PCr (in mM, i.e. mmol/l of cell water) were calculated from P i /ATP and PCr/ ATP ratios assuming a normal resting ATP concentration of 8.2 mM (Arnold et al., 1985) . Intracellular pH (pH i ) was calculated from the chemical shift difference of the P i peak relative to the PCr peak as previously described (Taylor et al., 1983) . Free cytosolic ADP concentrations were calculated from the creatine kinase equilibrium expression,
, taking the equilibrium constant (K eq ) as 1.66ϫ10 9 M -1 (Veech et al., 1979) and assuming a total creatine (TCr ϭ PCr ϩ creatine) concentration of 42.5 mM and total ATP (free plus cationcomplexed ATP) concentration of 8.2 mM (Arnold et al., 1985) . (There appear to be no published data on actual TCr and ATP concentrations in myotonic dystrophy; we discuss below possible consequences of this assumption being incorrect.) The cytosolic phosphorylation potential was calculated in reciprocal form as [P i 
Analysis of ATP turnover during exercise
During exercise, ATP is produced by net breakdown of PCr, anaerobic glycogenolysis (the pathway from glycogen to lactic acid) and by oxidation. Cytosolic pH changes reflect the balance between protons produced or consumed by metabolic processes, intracellular proton buffering and the efflux of protons across the sarcolemma; protons are produced during exercise by anaerobic glycogenolysis (glycogen breakdown followed by glycolysis) at a rate of 2/3 of a proton per molecule of ATP, while oxidation produces a negligible amount (Kemp et al., 1993a) . Because of their involvement in the creatine kinase equilibrium reaction, protons are 'consumed' by the net breakdown of PCr, at a rate of j ϭ 1/[1 ϩ 10 (pH -6.75) ] protons per molecule of PCr (Kemp et al., 1993a) , in which 6.75 is the relevant pK of P i . In ischaemic exercise, where oxidation and proton efflux can both be neglected, consideration of ATP and proton balance (Kemp et al., 1993a) thus enables us to calculate the rate of glycogenolytic ATP production (L) as L ϭ -(3/ 2) ϫ (βdpH i /dt ϩ φ[PCr]/dt) mM/min, where β, the buffer capacity, is taken as 30 slykes (Kemp et al., 1993a) . The total rate of ATP production (F) is therefore given by F ϭ L -d[PCr]/dt mM/min. The increase in glycogenolysis at the start of exercise is due partly to covalent activation of glycogen phosphorylase, and partly to the increase in the concentration of its substrate P i which results from net breakdown of PCr (Chasiotis, 1983) . We concentrate attention on the first of these factors by expressing L relative to the increase in [P i ].
The same calculations can be used for the first exercise spectrum in 'aerobic' exercise: it may be assumed that since proton efflux is pH-dependent and minimally activated at resting pH or above, no significant proton efflux occurs in the first period of exercise, where the pH i usually rises or falls only marginally (Kemp et al., 1993a) . Also, there appears to be a delay in the activation of oxidative metabolism such that anaerobic glycogenolysis and PCr utilization account for almost all of the ATP requirements of the first minute or so of exercise .
Analysis of recovery from exercise
At the end of exercise, glycogenolysis stops and PCr resynthesis is purely oxidative (Taylor et al., 1983) . Analysis of PCr recovery therefore provides information about mitochondrial function. Recovery half-times of PCr and ADP were calculated from the semilogarithmic transformation of the first four data points in recovery (Arnold et al., 1985) . Initial rates of PCr recovery (V mM/min, a direct measure of mitochondrial ATP synthesis) were determined from the first two data points in recovery. An apparent mitochondrial capacity Q MAX was calculated from the known hyperbolic relationship between PCr resynthesis and cytosolic free [ADP] , as Q MAX ϭ V(1 ϩ K m /[ADP]) mM/min, where K m is taken as 30 µM (Kemp et al., 1993b) .
Net resynthesis of PCr during recovery generates j protons per molecule of PCr but despite this the pH i returns towards resting levels during PCr resynthesis, because protons are removed from the cytosol across the plasma membrane. The apparent proton efflux rate (E) may be calculated as E ϭ βdpH i /dt ϩ φ[PCr]/dt mM/min (Kemp et al., 1993a) .
Apparent proton efflux was calculated from changes in pH i and PCr in the first two spectra in the recovery period and the results are expressed as the mean of the two measurements.
Exercise protocols Aerobic forearm exercise
All control subjects and patients performed an exercise protocol which consisted of pulling a handle attached to a weight through 5 cm at a rate of 40 pulls per minute. During the first 5 min of exercise the weight was 750 g, resulting in a work output of 0.25 W. This was increased by 250 g each 1.25 min thereafter (increase in work of 0.08 W) until the subject became fatigued or there was substantial depletion of PCr. Spectra consisting of 16 or 32 free induction decays (32 or 64 s) were collected consecutively throughout exercise. During recovery after the end of exercise, four spectra of 16 free induction decays were collected followed by four each of 32 and 64 free induction decays.
Ischaemic arm exercise
In this study, a sphygmomanometer cuff was placed around the arm and inflated to 240 mmHg 1 min before exercise was started. Each exercise period consisted of pulling a handle attached to a 1.5-kg weight through 5 cm a total of 12 times at a rate of 40 pulls per minute. A 16 scan spectrum was collected at the end of each period with the cuff still inflated. Subjects repeated the exercise until they became fatigued or until they were asked to stop because substantial PCr depletion had occurred.
Aerobic calf muscle exercise
Exercise consisted of plantarflexion lifting a weight of 10% lean body mass through a 7-cm vertical distance at a rate of 30 pushes per minute. After 5 min of exercise, the weight was increased by 2% lean body mass each 1.25 min until fatigue or until there was significant PCr depletion.
Statistical analysis and presentation of results
All data are expressed as their mean Ϯ standard error (SE) unless otherwise stated. Significance was calculated using the Mann-Whitney U test. Correlations between variables were determined using the Spearman rank-order correlation coefficient. For aerobic flexor digitorum superficialis and calf muscle exercise, the data from the patients are further subdivided into (Group 1) those from patients who could Group 1 ϭ patients exercising for Ͼ5 min in the relevant protocol. Group 2 ϭ patients exercising for Ͻ5 min. Group 3 ϭ patients unable to exercise at all. * It was not possible to perform exercise in one patient for purely technical reasons, but a resting spectrum was obtained. The patient could not be grouped according to exercise ability.
exercise for Ͼ5 min of the relevant protocol and (Group 2) those from patients who could not exercise for as long as this. Three patients were unable to perform any forearm exercise and two were unable to perform any calf muscle exercise; these patients form a final subgroup (Group 3) for each exercise protocol. In one patient we were unable to obtain an arm exercise study for purely technical reasons, although satisfactory resting data were obtained; these data are included in the overall comparison but not in the subgroup analysis. For analysis of proton efflux in recovery, data from aerobic flexor digitorum superficialis exercise were divided into groups according to end-exercise pH i (6.0-6.4, 6.4-6.8 and 6.8-7.2).
Subjects
The data presented are from a total of 31 patients with myotonic dystrophy of differing severity. In all cases the diagnosis was confirmed by a neurologist and supported by molecular genetic testing and/or slit-lamp and electromyographic studies. Control subjects were sedentary volunteers and did not include any trained athletes. The numbers of patients and control subjects taking part in the various parts of this study and basic subject details are summarized in Table 1 . All studies were approved by the Central Oxford Research Ethics Committee and informed verbal and written consent was obtained in all cases, in accordance with the declaration of Helsinki.
Results
Resting muscle Flexor digitorum superficialis
The results are shown in Table 2 . Resting pH i was normal. Mean PCr/ATP tended to decrease with reduced ability to exercise and was significantly lower than normal in Groups 2 and 3. Mean P i /ATP was significantly raised in the group as a whole and tended to increase with reduced exercise ability. PCr/(PCr ϩ P i ) was also reduced in the patient group. While the calculated free [ADP] was not raised in the group as a whole, it was elevated in the Groups 2 (P ϭ 0.04) and 3 (P ϭ 0.03). The phosphorylation potential, a measure of the overall bioenergetic state of the cell, was significantly reduced in the group as a whole (i.e. its inverse was raised) with Groups 2 and 3 again having the lowest values.
Calf muscle
Typical spectra from the calf muscle and flexor digitorum superficialis of normal subjects and patients are shown in Fig. 1 . Note that the total phosphorus signal is less in the spectrum from the patients, resulting in a lower signal-tonoise level. This is consistent with replacement of muscle with fat and/or fibrous tissue. The results are shown in Tables  2 and 3 . With decreasing ability to exercise, PCr/(PCr ϩ P i ), PCr/ATP and phosphorylation potential in resting muscle all tended to decrease while P i /ATP and [ADP] tended to increase. All of these were significantly different from normal in Groups 2 and 3. The reduction in PCr/ATP appears more severe in calf muscle than in flexor digitorum superficialis. However, the proportions of those exercising for Ͼ5 min or Ͻ5 min were the same in both calf muscle and flexor digitorum superficialis, and in the 10 patients in whom both calf muscle and flexor digitorum superficialis were studied, the results from the latter muscle did not differ from the results in the rest of the patient group. It is therefore unlikely that the differences between the results in the two muscles arise because the patients who underwent calf studies were more severely affected. An interesting difference between the two muscles is that the resting pH i of the calf muscle was significantly elevated in all groups while in flexor digitorum superficialis it was normal. Because of this elevation in pH i and the decrease in [PCr] the resting [ADP] in calf muscle was significantly elevated in the patient group overall, and in each subgroup. 
Fig. 1
Examples of magnetic resonance spectra from patients and control subjects. The figure shows spectra from calf muscle of (A) a patient with myotonic dystrophy and (B) a control subject, and from flexor digitorum superficialis muscle of (C) a patient with myotonic dystrophy and (D) a control subject. The labelled peaks are phosphomonoester (PME), inorganic phosphate (P i ), phosphodiester (PDE), phosphocreatine (PCr) and the γ-, α-and β-phosphate groups of ATP. Frequency is represented by the horizontal axis, and signal intensity by the area under each peak. Note the larger signal from P i relative to ATP and the relatively poor signal-to-noise ratio in the spectra from the patients. Intracellular pH (pH i ) is calculated from the position of the P i peak relative to that of the PCr peak (see Methods and subjects).
Exercise and recovery Aerobic exercise in flexor digitorum superficialis
The results are shown in Table 4 . At the beginning of exercise, the reduction in PCr/(PCr ϩ P i ) and the rise in [ADP] after 1 min (called here PCr/(PCr ϩ P i ) 1 and [ADP] 1 , respectively) were both more marked in the patient group while pH i changed little. At the end of exercise patients had similar levels of PCr (shown here as PCr/(PCr ϩ P i ) x ) to control subjects. Duration of exercise was significantly reduced in the patients (P Ͻ 0.0001). There was a reduction in pH i , showing that glycogenolysis and glycolysis were active, but it was less than that for the same degree of PCr depletion in control subjects (P ϭ 0.03), so levels of [ADP] at the end of exercise ([ADP] x ) were significantly higher in the patient group (P ϭ 0.002). Exercise data from a typical study on a patient with myotonic dystrophy and relatively good exercise tolerance are shown in Fig. 2 . It is possible to use data from the start of exercise to make some inferences about ATP utilization and the activation of glycogenolysis (see Methods and subjects). The total calculated ATP utilization for the first minute (when oxidative ATP synthesis is negligible ) was significantly higher in the patient group (Table 4) consistent with their reduced muscle mass (i.e. more work was being done by each myofibril thus increasing the ATP utilization per unit volume). The calculated glycogenolytic ATP production was also elevated in the patient group even when normalized to the increase in [P i ] ('L/∆[P i ]'; see Methods and subjects). Figure 3 shows the initial ATP turnover rates in two groups of patients divided according to their ability to exercise. Only those patients with an exercise duration of Ͻ5 min (Group 2) had significantly higher total ATP utilization (P ϭ 0.0002) and glycolytic ATP production (P ϭ 0.0002) than control subjects exercising at the same workrate ('controls A' in Fig. 3 ). The ratio of glycogenolytic ATP production (L) to total ATP utilization (L-d[PCr]/dt) was rather higher in the overall patient group than in these control subjects (15/41 versus 2/12; see Fig. 3 ) and is likely to be a further manifestation of the higher relative work done by the patient group. In support of this, we have performed a similar analysis on six control studies performed at a higher workload (0.67 W) whose data were presented in an earlier publication (Control group B in table 3 of Taylor et al., 1993) . In this group of six control subjects ('controls B' in Fig. 3 ), both glycogenolytic ATP production and total ATP utilization were increased relative to the 13 control subjects ('controls A' in Fig. 3 ) who performed the same protocol as in the current study (21 Ϯ 6 and 48 Ϯ 17 mM/min, respectively) with a similar fraction of ATP production attributable to glycogenolysis as that found in the myotonic dystrophy patients (Fig. 3) . Data shown relate to the first minute of exercise (pH 1 , etc.) or the position at the end of exercise (pH x , etc.). Total and glycogenolytic ATP production are calculated using the data from the first minute of exercise as is glycogenolytic ATP production relative to the increase in P i (L/∆[P i ]). * 0.005 ഛ P ഛ 0.05 compared with relevant control subjects; ** P ഛ 0.005 compared with relevant control subjects.
Aerobic exercise in calf muscle
The response to exercise in this muscle was qualitatively similar in most respects to that in flexor digitorum superficialis (Table 4 ). The duration of exercise was reduced but patients reached the same end-of-exercise PCr/(PCr ϩ P i ) as control subjects so that the rate of PCr utilization was greater. The mean pH i fell less than in control subjects but this was not so marked as in flexor digitorum superficialis and did not reach statistical significance. Nevertheless, the end-ofexercise concentration of ADP ([ADP] x ) was significantly higher in the patient group as a whole and the change was most marked in the patients who could exercise only for shorter periods of time (Group 2, 119 Ϯ 69 µM versus 48 Ϯ 4 µM in control subjects; P ϭ 0.007). ATP utilization and glycogenolytic ATP production rates in early exercise were significantly greater in the more severely affected group.
Recovery after aerobic exercise
The recovery kinetics of PCr, a measure of overall mitochondrial function, are shown in Table 5 . The initial rates of PCr recovery were not significantly different from control subjects in either muscle and neither were the half times for recovery. The mean apparent Q MAX , which takes into account the regulatory control of ATP synthesis (and thus PCr resynthesis) by [ADP], was slightly but significantly reduced in both muscles but this only reached statistical significance in flexor digitorum superficialis. In calf muscle, for which the number of patients studied was smaller, the mean value was also reduced, but this did not reach statistical significance. There was no significant difference between the various subgroups with regard to Q MAX . Only in flexor digitorum superficialis was there sufficient acidification during exercise to generate measurable rates of proton efflux at the start of recovery. The overall mean figures in both patients and control subjects were not significantly different (6 Ϯ 1 versus 10 Ϯ 2 mM/min, respectively) suggesting that there is no physiologically significant upregulation of proton extrusion mechanisms. The proton efflux in early recovery has to be interpreted in relation to the end-of-exercise pH i . The efflux rate in patients was numerically lower, probably because of the lesser degree of Fig. 2 Results of forearm exercise in a minimally affected patient. The figure shows the changes in (A) pHi, (B) PCr/(PCr ϩ P i ), which measures of relative changes in phosphocreatine concentration, and (C) free ADP concentration during exercise for a patient with only electromyographic evidence of myotonia and no clinical symptoms or signs (filled circles), compared with mean data from control subjects (open circles, with bars representing the standard error of the mean). For the control subjects, the number of studies contributing to each point decreases towards the end of the data set which, in this figure, extends only up to the point corresponding to mean exercise duration. Thus, about half the control studies extend beyond the final point in the control line shown here, whose mean values are therefore not equal to the mean end-exercise values reported in Table 4. acidification; what might be called the apparent proton efflux rate constant, defined as the initial-recovery rate of proton efflux divided by the difference between end-exercise and resting pH i , was not significantly different in patients and control subjects (21 Ϯ 6 versus 20 Ϯ 4 per minute, respectively). This is a crude assessment. It can be seen from Fig. 4 that none of the control subjects had an end-of-exercise pH i of Ͼ6.8 (whereas seven myotonic dystrophy patients had) and only one of the patients had a pH i of Ͻ6.4 (whereas five control subjects did). Since proton extrusion depends upon pH i change (Kemp et al., 1993a) , it follows that only if there were data matched for end-of-exercise pH i could we draw firm conclusions about an abnormality of proton The figure shows the rates of ATP synthesis (see key) by glycogenolysis and by net PCr breakdown, and their sum, which is an estimate of the total rate of ATP synthesis, in the first interval of exercise (rest to first exercise spectrum). Data are shown from patients divided into those who could exercise for Ͼ5 min (Group 1) or Ͻ 5 min (Group 2), from control subjects studied using the same protocol (Controls A), and from six control studies (Controls B) performed at a higher workload (0.67 W) whose data were presented in an earlier publication (Control group B in table 3 of Taylor et al., 1993) . The error bars represent the standard error of the mean.
handling. Within the limits of the technique, however, we could certainly find no evidence in favour of such a defect. In the majority of patients (and a large number of the control subjects) it was not possible to obtain pH i measurements beyond the third recovery spectrum (due to disappearance of the P i signal during recovery; Taylor et al., 1983) so that further analysis of pH i recovery data was not possible.
Ischaemic exercise in flexor digitorum superficialis
The results are presented in Table 6 . After the first 24-s period of ischaemic exercise, the group of patients had depleted more PCr than control subjects, but the pH i had fallen less, as was the case in aerobic exercise. As a result of this, [ADP] was significantly higher. By the end of exercise, pHi and [ADP] were still significantly higher and the PCr/(PCr ϩ P i ) significantly lower than in the control subjects. Proton efflux is abolished under conditions of zero blood flow and mitochondrial oxidation inhibited by ischaemia. Thus this reduction in acidification relative to PCr utilization strongly suggests that the production of protons by glycogenolysis is reduced (see Discussion).
The results of a quantitative analysis of rates of total and glycolytic ATP utilization are also shown in Table 6 . Total ATP utilization was increased in myotonic dystrophy, as also occurred in aerobic exercise. This is consistent again with reduced muscle mass. The proportion of ATP derived from glycogenolysis was similar in the patient and control subject groups and this is different to the situation in the aerobic studies where a greater proportion of the total ATP produced in the patient group was from glycogenolysis when compared with control subjects performing the same amount of work ( Fig. 3) . This suggests that something limits glycogenolysis at high flux rates in the patient group.
Factors correlating with the duration of aerobic exercise
We have investigated the relationships between many of the measurements that we have made and the duration of exercise achieved by both control subjects and patients during the calf muscle exercise protocol. In this protocol, workload is related to lean body mass, which is itself related to muscle mass. This produces a more uniform exercise response from control subjects of different fitness and muscle bulk. In the control group the only significant correlations (both negative correlations) were between glycogenolytic ATP production and exercise duration (P ϭ 0.048) and between the same variable when corrected for the increase in
) and exercise duration (P ϭ 0.02). In the case of the patient group, exercise duration was negatively correlated with these measurements (P ϭ 0.001 and P ϭ 0.003, respectively) as well as with total ATP utilization rate (P ϭ 0.0001) and resting pH i (P ϭ 0.0001), P i /ATP (P ϭ 0.004), [ADP] (P ϭ 0.009) and phosphorylation potential (P ϭ 0.001). It was positively correlated with resting PCr/ATP (P ϭ 0.007) and PCr/(PCr ϩ P i ) (P ϭ 0.001) and the PCr/ (PCr ϩ P i ) at the end of 1 min of exercise (P ϭ 0.001).
Discussion
Resting muscle
The findings from flexor digitorum superficialis confirm those of our previous study in a smaller group of patients . The resting P i /ATP ratio is significantly elevated but PCr/ATP and pH i are normal. Thus there is no doubt that P i is increased relative to PCr and to ATP, and that PCr is reduced relative to P i and ATP. The mechanisms underlying the rise in P i /ATP are unclear. We think it likely that the increase in P i /ATP reflects a real increase in [P i ] rather than a decrease in [ATP] . A decrease in [ATP] would tend also to increase PCr/ATP, as it does in hypothyroid muscle (Taylor et al., 1992) , while in the myotonic dystrophy patients PCr/ ATP is either normal or low. In Duchenne dystrophy (Samaha et al., 1981; Kemp et al., 1993c) and mitochondrial myopathies (Taylor et al., 1994) , P i /ATP is also high although [ATP] remains unaffected.
Accepting for the moment the assumption that [ATP] is normal, it can be seen that [ADP] is also normal but, because of the raised P i , the phosphorylation potential is reduced. The consequence of this is that the free energy of ATP hydrolysis is reduced and the cell bioenergetically compromised. Notice that if [ATP] (Thompson et al., 1993) , but there is no evidence of increased plasma [P i ] in myotonic dystrophy. One of the major mechanisms for controlling intracellular [P i ] is the cotransport of sodium and phosphate across the membrane (Kemp et al., 1992) . The observed increase in intracellular sodium in skeletal muscle from patients with myotonic dystrophy would tend therefore to reduce the sodium gradient and thus the intracellular P i would be expected to be, if anything, lower than normal rather than higher, as was observed. It has been suggested that raised P i / ATP is itself a marker of either primary or secondary mitochondrial dysfunction in skeletal muscle (Matthews et al., 1991) , although the mechanism by which this would occur is not clear; the finding of a small but significant reduction in the calculated Q MAX suggests that a small degree of mitochondrial dysfunction is present in the skeletal muscle of patients with myotonic dystrophy.
The two major contrasts between the results from flexor digitorum superficialis and calf muscle lie in the pH i and the PCr/ATP ratio. The resting pH i is normal in flexor digitorum superficialis but, surprisingly, it is increased in calf muscle which is the less clinically affected of the two muscles [although the medial head of gastrocnemius shows fatty degeneration on MRI (Schedel et al., 1992) ]. The main factor controlling pH i in exercising muscle is the Na ϩ -H ϩ antiporter. This is usually only minimally active at rest, but the 'set point' for resting pH i might for some reason be changed. The Na ϩ -H ϩ antiporter has also been implicated in a number of other processes including the regulation of cellular volume and mitosis (Grinstein et al., 1989) . It is possible that Na ϩ -H ϩ antiporter activity is altered in resting calf muscle as part of an attempt at regeneration. In support of this is the increase in pH i seen in resting muscle in patients with Duchenne and Becker muscular dystrophy (Edwards et al., 1982; Kemp et al., 1993c) where regeneration is a prominent feature. In the more severely affected forearm flexors in myotonic dystrophy, either there may be no regeneration (as biopsy studies suggest; Harper, 1989) or some other factor counteracts Na ϩ -H ϩ exchange. Finally, the different fibretype composition of the two muscles in normal control subjects (with a greater proportion of Type 1 fibres in calf muscle than in flexor digitorum superficialis) may lead to differential sensitivity to whatever factor leads to the increase in pH i . None of these possibilities can be readily assessed using non-invasive methods.
There is no clear explanation as to why the ratio PCr/ATP should be reduced to a greater degree in the calf muscle than flexor digitorum superficialis. A low PCr/ATP ratio is, assuming constant [ATP], indicative of a low PCr concentration. Furthermore, assuming a normal [TCr] this implies an increased [ADP] , although this may not always reach statistical significance.
If [TCr] is sufficiently low in the patients, then even if [PCr] is lower than in control subjects, as we have inferred, it is conceivable that resting [ADP] is not increased; however, this would require a 45% fall in TCr in e.g. Group 3 in calf muscle, to match the 45% fall in [PCr] (as judged by PCr/ ATP). This may or may not be conceivable. However, that the end-exercise [ADP] is higher in myotonic dystrophy depends, not on the PCr depletion (which is similar in patients and control subjects), but the reduced acidification in patients. Thus this finding is relatively independent of uncertainties in [TCr] . For this reason, given that [ADP] is at least a major error signal in the feedback loop controlling oxidative ATP synthesis in muscle (Kemp, 1994) , a low PCr/ATP has been used in patients with mitochondrial myopathy as a marker of mitochondrial dysfunction (Arnold et al., 1985) . However, a low PCr/ATP ratio has also been found in affected muscle in female carriers of Duchenne muscular dystrophy, in whom other indices of mitochondrial function such as PCr recovery rates and apparent Q MAX after exercise are normal (Kemp et al., 1993c) . In patients with Becker muscular dystrophy, others have interpreted slow recovery of the P i /ATP ratio after exercise as indicating mitochondrial dysfunction (Barbiroli et al., 1992) although the significance of this finding remains controversial (Kemp et al., 1993c) .
Response to exercise
Abnormally rapid depletion of PCr but reduced acidification (and thus higher than normal [ADP] ) is seen in both muscle groups and confirms our previous observations . The more rapid breakdown of PCr is consistent with the increased metabolic demand placed upon individual muscle cells in a wasted muscle. This is also reflected in the higher calculated ATP utilization seen in the patient group, and this is found to be inversely correlated with exercise duration. There might be in addition an intrinsic change in contractile efficiency, although there is no obvious mechanism for this. Note that increased motor firing rate would not explain this increased ATP usage rate unless an ATP-wasting process or inefficiency were present as well. Furthermore it is possible that the myotonia itself contributes to increased ATP consumption rate, although it seems unlikely to be more than a small effect; although we did not measure relaxation rate, the same duty cycle and movement excursion was imposed on both patients and control subjects, so there cannot have been a large component of slow relaxation (no patient found difficulty in relaxing fast enough to permit full excursion).
Rapid PCr breakdown is also seen in those conditions where energy production is impaired, even in the absence of muscle wasting. Thus PCr breakdown is more rapid in McArdle's disease (myophosphorylase deficiency) (Ross et al., 1981) , phosphofructokinase deficiency (Argov et al., 1987) and mitochondrial myopathies (Arnold et al., 1985) .
In view of the evidence discussed below for defects in both glycogenolysis and mitochondrial function in addition to the obvious loss of muscle bulk, it seems likely that a combination of factors contributes.
The pH i response is similar to that seen in patients with mitochondrial myopathies and in some carriers of the Duchenne muscular dystrophy gene (Arnold et al., 1985; Kemp et al., 1993c) . The end of exercise pH i (pH x ) in flexor digitorum superficialis of patients is significantly higher than in control subjects, and the calf muscle shows the same trend, although it does not reach statistical significance. In fact, the pH x in the calf muscle and flexor digitorum superficialis of patients was almost identical (6.75 Ϯ 0.05 and 6.71 Ϯ 0.05, respectively) but the control subjects tend to acidify calf muscle less than flexor digitorum superficialis (pH x 6.67 Ϯ 0.03 and 6.54 Ϯ 0.06, respectively). Since calf muscle contains a higher proportion of Type 1 fibres, this might suggest that the change in the pH i response is due to a shift in fibre type towards Type 1. However, the available data suggest that there is Type 1 fibre atrophy with Type 2 hypertrophy (Harper, 1989) which one would expect to produce the opposite effect upon acidification.
In the mitochondrial myopathies, which show a similar pH i response to exercise, there is evidence of an increase in the rate of pH i recovery back to normal after exercise and this has led to the suggestion that the Na ϩ -H ϩ antiporter might be upregulated in some way (Arnold et al., 1985; Kemp et al., 1993c) . Alternative explanations for reduced relative acidification include a smaller production of protons as a result of reduced lactic acid generation by glycogenolysis, or an increase in the intrinsic buffering capacity of the cell. The last of these possibilities can probably be discounted since calculation shows that buffering capacity would need to increase by as much as 50%. Apparent proton efflux may be estimated from changes in pH i during recovery after exercise. The apparent proton efflux in the patient group was not significantly different from control subjects, and despite the reservations expressed in the Results section about matching end-of-exercise pH i , one would expect to see some significant difference if this were the explanation for the pH i response in myotonic muscle. In any case, it is important to distinguish such an increase in the rate of proton efflux at a given pH (i.e. an increase in the slope of the pH-dependence of proton efflux) from the notion of the altered set-point introduced as a possible explanation of the altered resting pH. These are logically and practically independent concepts.
Evidence for a defect in glycogenolysis
We have two techniques to assess the glycogenolytic pathway using 31 P magnetic resonance spectroscopy. The first is to calculate the apparent glycogenolytic ATP production during the first minute of aerobic exercise. This shows that glycogenolytic ATP production is higher in patients than control subjects (Tables 4 and 5 ). In addition, the proportion of the total requirement provided by glycogenolysis is greater than in the control group, being similar to that in control subjects doing heavier work, suggesting that glycogenolysis is more active because muscle is more stressed, as one might expect. From these data we can conclude that glycogenolysis is more active in patients than in control subjects at the same absolute workrate, but we can make no assessment of whether it is more or less active than would be the case for a control subject working at the same relative workrate (allowing for different muscle mass, etc.).
The second way in which we can examine glycogenolysis is to perform ischaemic exercise. In this case all ATP must either be produced by glycogenolysis or from PCr breakdown. Furthermore, proton efflux will be negligible, since no protons are removed by the circulation. The results from the ischaemic arm exercise (Table 6 and Fig. 4) show that although the depletion of PCr in the patient group by the end of exercise was greater than in control subjects, the fall in pH i was less, and the end of exercise [ADP] was thus significantly higher. This must be because glycogenolysis is relatively less active than normal (if large increases in cellular buffering capacity are ruled out). Although the apparent glycogenolytic ATP production is higher in patients than control subjects (Fig 4) , the proportion of the total ATP utilization provided by glycogenolysis is similar. This is in contrast to the findings in aerobic exercise where the proportion was higher in patients than in control subjects. This raises the possibility that something limits glycogenolysis in the patients, albeit it at a relatively high rate, and that they are unable to respond to relatively severe exercise by increasing glycogenolysis. It would clearly be of interest to measure the glycogen content of muscle in myotonic dystrophy either directly or by 13 C magnetic resonance spectroscopy (Avison et al., 1988) , and to quantify lactic acid production directly by 1 H magnetic resonance spectroscopy (although this presents severe technical problems). It is tempting to relate this possible limitation on glycogenolysis directly to the presumed abnormality in the myotonin protein kinase, but it is perhaps more likely that it is a distant consequence of the primary lesion, which remains undefined in metabolic terms.
Evidence for a functional mitochondrial defect
In addition to the evidence of a raised resting P i , which is considered by some to be an indicator of a mitochondrial defect (see above), we have demonstrated a functional mitochondrial defect in flexor digitorum superficialis. The calculation of an apparent Q MAX shows a small but significant reduction in the flexor digitorum superficialis of the patient group taken as a whole (Table 5) . We had not observed this difference in the smaller group of patients whom we have reported previously , and the difference does not reach significance in any of the subgroups tested, probably because the relatively small magnitude of the observed difference in Q MAX requires a larger sample size to have the statistical power to demonstrate it. Similar considerations apply to the results from calf muscle. Calf muscle pH
NS ϭ not significantly different from control subjects; ↓ ϭ significantly decreased (P Ͻ 0.05) with respect to control subjects; ↑ ϭ significantly increased (P Ͻ 0.05) with respect to control subjects.
The significance of such a small reduction in Q MAX is not clear. In patients with mitochondrial myopathies, the mean reduction in Q MAX is larger than that seen in the present study (Q MAX was reduced by~50% in the mitochondrial myopathy group as a whole) (Kemp et al., 1993b; Taylor et al., 1994) . As mentioned in the Introduction, there is some histological, biochemical and molecular genetic evidence for mitochondrial abnormalities in myotonic dystrophy; the present results make it clear that this has no large effect on mitochondrial function in vivo. There is no obvious way in which such a defect could be responsible for the weakness and wasting observed in myotonic dystrophy.
Factors influencing the ability to exercise
In control subjects, the duration of exercise was correlated (negatively) only with the glycogenolytic ATP production during the first minute of exercise. Since we have observed here, and in another study , that the proportion of initial ATP production coming from glycogenolysis is normally increased when higher workrates are used, it is likely that a greater glycogenolytic ATP production is a reflection of a muscle being put under greater metabolic stress. In that case it is not surprising that those subjects for whom the workrate produces a greater metabolic stress should be the ones who exercise for a shorter period.
In patients with myotonic dystrophy, the same factors were strongly correlated negatively with exercise duration, but in addition with various resting measures (P i /ATP, pH i , [ADP] and phosphorylation potential). If resting P i /ATP or [ADP] are markers of mitochondrial function as has been suggested (Arnold et al., 1985; Matthews et al., 1991) then it is possible that the correlations reflect an influence of mitochondrial function upon exercise ability. Against this suggestion is the lack of any correlation of exercise duration and apparent Q MAX . Whatever the explanation, however, we do find that the resting 31 P spectrum provides information about the ability of the muscle to perform exercise in this condition.
Comparisons with the Xp21-deficiency dystrophies
The present results can be compared with those in the Xp21-deficiency dystrophies described in an earlier study (Kemp et al., 1993c) . Table 7 summarizes the abnormalities in resting muscle. In calf muscle, resting pH was significantly increased in Duchenne carriers and patients with Becker and Duchenne dystrophy (in increasing order of difference from control subjects), as it is in myotonic dystrophy in all groups; however in flexor digitorum superficialis, resting pH was increased only in patients with Duchenne dystrophy, and was unchanged in myotonic dystrophy. In calf muscle, resting P i / ATP was increased and PCr/ATP was decreased in patients with Becker and Duchenne dystrophy, as in myotonic dystrophy in Groups 2 and 3. In flexor digitorum superficialis, resting P i /ATP was increased in Duchenne carriers and patients with Becker and Duchenne dystrophy, while resting PCr/ATP was decreased only in patients with Duchenne dystrophy; both changes were seen in myotonic dystrophy in Groups 2 and 3. In calf muscle, resting [ADP] and reciprocal phosphorylation potential were significantly increased in all Xp21 deficiency and myotonic dystrophy groups; in flexor digitorum superficialis resting [ADP] and reciprocal phosphorylation potential were significantly increased only in Duchenne patients and in myotonic dystrophy Groups 2 and 3. As mentioned above, it is possible that these changes are a consequence of cellular regeneration.
During aerobic incremental forearm exercise of the kind described here, Duchenne carriers show results similar to the Group 1 myotonic dystrophy patients, namely more rapid PCr depletion, reduced acidification and higher [ADP] (Kemp et al., 1993c) . Another exercise study also showed an increased P i /PCr during exercise (consistent with an increased [ADP]) at equivalent workrates in carriers compared with control subjects, and also in Becker patients (Barbiroli et al., 1992) . We could find no evidence of impaired PCr recovery, suggestive of mitochondrial dysfunction, in carriers (Kemp et al., 1993c) , although this does not rule out a small abnormality as reported here in myotonic dystrophy. However, a mitochondrial defect of some kind is a possible interpretation of the impaired P i recovery seen in carriers and Becker patients after exercise in the other study mentioned (Barbiroli et al., 1992) .
In conclusion we have demonstrated abnormalities in the bioenergetics of skeletal muscle in myotonic dystrophy both at rest and during exercise, and we have shown differences between individual muscles at rest. Our detailed analysis of the data suggests that both mitochondrial and glycogenolytic function are affected in myotonic dystrophy and it raises the possibility that some of the clinical weakness and fatigue seen in this condition are due to defects in energy metabolism. At this stage, the mechanisms are uncertain, but they are probably secondary consequences of the underlying genetic defect.
